Outer scales of yellow onion bulbs turn brown during maturing. The brown outer scales contain an antifungal component, 3,4-dihydroxybenzoic acid. An aim of the present study is to elucidate the mechanism of formation of the benzoic acid. In a browning scale, the scale was divided into three areas; fleshy, drying and dried brown areas. Levels of quercetin glucosides in dried brown areas were less than 10% of the glucosides in fleshy and drying areas, whereas levels of quercetin were high in dried brown areas. This result suggests that quercetin was formed by deglucosidation of quercetin glucosides on the border between drying and dried brown areas. Peroxidase (POX) activity of dried brown areas was about 10% of those of fleshy and drying areas. Quercetin was oxidized by autooxidation, and cell-free extracts of drying areas and POX isolated from onion scales enhanced the oxidation even in the absence of externally added hydrogen peroxide. The enhancement of quercetin oxidation was suppressed by catalase. No tyrosinase-like activity was detected in the cell-free extracts and the POX preparation. These results suggest that, during the enhanced oxidation of quercetin, hydrogen peroxide is formed. 3,4-Dihydroxybenzoic acid and 2,4,6-trihydroxyphenylglyoxylic acid, which were the oxidation products of quercetin, were found in dried brown area. These results suggest that an antifungal agent 3,4-dihydroxybenzoic acid is formed by POX-dependent oxidation of quercetin on browning of onion scales.
Introduction
The onion bulb as it matures has one to three outer dried scales consisting of dead tissue which are, in colored cultivars, the most highly pigmented. Quercetin is found as a major flavonoid in the dried brown tissue (Bilyk et al. 1984) . In the underlying scales, quercetin is found as the glucosides (Bilyk et al. 1984 , Hirota et al. 1998 . Predominants among the glucosides are quercetin 4¢-glucoside (Q4¢G) and quercetin 3,4¢-diglucoside (Q3,4¢G). These glucosides are mainly contained in the abaxial epidermis of the scales. Concentrations of the two glucosides and ratios of Q4¢G to Q3,4¢G in concentration, increase from the interior to the exterior scales (Hirota et al. 1998, Tsushida and Suzuki 1996) . In addition to the glucosides, small amounts of quercetin are also found in the abaxial epidermis. Quercetin levels also increase from the interior to the exterior scales (Tsushida and Suzuki 1996) . Quercetin in dried brown scales seems to be formed by deglucosidation of the glucosides (Hirota et al. 1999, Tsushida and Suzuki 1996) . Both quercetin and 3,4-dihydroxybenzoic acid, which is antifungal, are found in the dried brown tissue (Friend 1979, Walker and Stahman 1955) . At present, it is not yet known how the benzoic acid is accumulated in the dried brown tissue.
The objective of the present study is to understand how quercetin and 3,4-dihydroxybenzoic acid are accumulated in the dried brown tissue. To elucidate the mechanism of accumulation of quercetin, levels of quercetin glucosides and activities of enzymes that participate in metabolism of the glucosides were measured in scales where browning is proceeding. Then, oxidation of quercetin by cell-free extracts of browning areas and by partially purified peroxidase (POX) was studied in the absence of externally added H 2 O 2 to elucidate the mechanism of oxidation of quercetin. Finally, POX-dependent oxidation products of quercetin were compared with phenolics in the dried brown tissue to discuss the mechanism of formation of 3,4-dihydroxybenzoic acid.
Materials and Methods

Plant material
Matured yellow onion bulbs (Allium cepa L.) have outer dried brown scales and the browning proceeds from the outer to the inner scales. A scale, of which upper part is turning brown, is divided into dried brown, drying and fleshy sections from the upper to the lower part. Yellow onion bulbs used in this study were obtained from a local market and were kept in a dark place. The bulbs, in addition to dried brown scales, also had scales with brown upper parts. We used these scales, because the browning scales were also divided into the three sections. The three sections were referred to areas A, B and C for fleshy, drying and dried brown sections (Fig. 1, inset) . Since boundaries between areas A and B and between areas B and C were well defined, in addition to the above areas, these boundaries were also used for experiments. These areas were referred to area A¢ and area B¢, respectively.
Cell-free extracts
Since scales lose water during browning, enzymatic activities and levels of flavonols could not be compared on a fresh weight basis. Values were therefore expressed on a surface area basis. To measure enzymatic activities, each area of scales (3 cm 2 ) was homogenized with 1 ml of 0.1 M sodium phosphate (pH 7.0) in the presence of 0.1 g of polyvinylpyrrolidone and 0.1 g of sea sand. Each area (1 cm 2 ) was homogenized with 2 ml of 70% methanol to measure levels of flavonols and other phenolics. Homogenates in the phosphate buffer or 70% methanol were centrifuged at 5,000´g for 15 min. The supernatants obtained were used for experiments as cell-free extracts.
Enzymatic activities
Onion bulbs contain glucosyltransferases that transform Q4¢G to Q3,4¢G (Q4¢G 3-glucosyltransferase) and quercetin to Q4¢G (quercetin 4¢-glucosyltransferase). They also contain glucosidases that transform Q3,4¢G to Q4¢G (Q3,4¢G 3-glucosidase) and Q4¢G to quercetin (Q4¢G glucosidase) (Tsushida and Suzuki 1996) . These activities were measured by previously reported methods (Tsushida and Suzuki 1996) with slight modifications. The reaction mixture (100 ml) to measure the transferases contained 2 ml of 9.2 mM Q4¢G or 5 mM quercetin dissolved in methanol, 20 ml of 40 mM UDP-glucose, 10 ml of 0.1 M ascorbic acid, 20 ml of cell-free extract and 58 ml of 0.1 M sodium phosphate (pH 6.0) (for measurement of Q4¢G 3-glucosyltransferase) or 0.1 M Tricine-NaOH (pH 8.0) (for measurement of quercetin 4¢-glucosyltrnaferase) containing 5 mM mercaptoethanol. The mixture was incubated for 10 min at 37°C and the reaction was terminated by adding 100 ml of methanol. After centrifugation at 4,000´g for 5 min, quercetin glucosides (Q3,4¢G and Q4¢G) formed were quantified by HPLC. For the measurements of activities of Q4¢G glucosidase and Q3,4¢G 3-glucosidase, 2 ml of 9.2 mM Q4¢G or 7.2 mM Q3,4¢G and 18 ml of 0.1 M ascorbic acid were added to 80 ml of cell-free extract and incubated for 1 h at 37°C. The reactions were terminated by adding 100 ml of methanol. After centrifugation at 4,000´g for 5 min, quercetin and Q4¢G were quantified by HPLC. HPLC was performed using a Shim-pack CLC-ODS column (Shimadzu, Kyoto) (for details, see below).
POX activity was measured by absorbance decrease at 370 nm in a reaction mixture (1 ml) that contained 50 mM quercetin, 1 mM H 2 O 2 , 0.1 ml of cell-free extract and 0.9 ml of 0.1 M sodium phosphate (pH 6.0). The difference in absorption coefficients between quercetin and its stable oxidation products was estimated to be 25 mM -1 cm -1 . Oxidation of quercetin in the absence of externally added H 2 O 2 was also measured in a reaction mixture (1 ml) that contained 25 mM quercetin, 0.1 ml of cell-free extract and 0.9 ml of 0.1 M sodium phosphate (pH 7.4). Oxidation of quercetin was recorded by absorbance decrease at 380 nm. In addition, oxidation of 3,4-dihydroxyphenylalanine (DOPA) was measured in a reaction mixture (0.5 ml) that contained 2 mM DOPA, 0.05 ml of cell-free extract and 0.45 ml of 0.1 M sodium phosphate (pH 7.4) in the absence of added H 2 O 2 . The oxidation of DOPA was recorded by absorbance increase at 480 nm. When required POX isolated from onion bulbs (see below) was added instead of cell-free extract.
Effects of pH on the oxidation of quercetin were measured in the reaction mixture (1.0 ml) that contained 25 mM quercetin, 32 ng of onion POX, 0.1 ml of 1% (w/v) bovine serum albumin and 0.9 ml of 0.1 M sodium phosphate buffer. Bovine serum albumin was added to prevent the aggregation of quercetin, which was observed after prolonged incubation at pH 5-7. Since at low pH, quercetin was slowly oxidized, the oxidation was measured with a dual-wavelength mode (300 minus 370 nm at pH 5 and 6; 330 minus 380 nm at pH 7 and 8). Absorption coefficients used were 40, 37, 30 and 45 mM -1 cm -1 , respectively, for pH 5, 6, 7 and 8. The differences in absorption coefficients were estimated from changes in absorption when 10 mM H 2 O 2 was added to a reaction mixture that contained 50 mM quercetin, 0.1% (w/v) bovine serum albumin and 32 ng of POX isolated from onion bulbs at various pHs. All spectrophotometric measurements were performed using a 557 spectrophotometer (Hitachi, Tokyo) .
Activity of glucose 6-phosphate dehydrogenase was measured with a spectrofluorometer (RF 550, Shimadzu) in a reaction mixture (1 ml) that contained 1 mM glucose 6-phosphate, 0.4 mM NADP + , 6.7 mM MgCl 2 and 20 ml of cell-free extract in 85 mM triethanolamine hydrochloride-NaOH buffer (pH 7.6). The excitation and emission wavelengths were 340 and 450 nm, respectively.
Detection of phenolics
HPLC to measure the levels of flavonols was performed using a Shim-pack CLC-ODS column (6 mm i.d.´15 cm, Shimadzu, Kyoto) and a spectrophotometric detector with a photodiode array (SPD M10A, Shimadzu). Quercetin, Q4¢G and Q3,4¢G were separated and identified as described previously using a mixture of methanol and 25 mM KH 2 PO 4 (1 : 1, v/v) as a mobile phase (Hirota et al. 1998) . Flow rate of the mobile phase was 1 ml min -1 and the retention times of Q3,4¢G, Q4¢G and quercetin were 4.1, 7.6 and 14.8 min, respectively. Flavonols were quantified at 360 nm from areas under peaks on the chromatograms. Oxidation products of quercetin and components of brown area were separated using the above HPLC system except for the mobile phase. Mobile phases used were mixtures of methanol and 25 mM KH 2 PO 4 (1 : 3 and 1 : 9, v/v)
Electrophoresis
Areas A, B and C (7.0 cm 2 each) were homogenized with 1 ml of 0.1 M sodium phosphate (pH 6.0) and centrifuged at 5,000´g for 15 min. The supernatants were mixed with 1 volume of 50% glycerol. The mixtures (20 ml) were used for native PAGE. Electrophoresis was performed with a ready-made 7.5% polyacrylamide gel (CAE-6000, Atto, Tokyo) in a mixture of 3 g of Tris and 14.4 g of glycine dissolved in 1 liter of distilled water (pH 7.6). After electrophoresis at 20 mA for 70 min, isozymes of POX were visualized by incubating the gel in a mixture of 5 mM H 2 O 2 and 1 mM diaminobenzidine in 0.1 M sodium phosphate (pH 6.0) (Takahama et al. 1996) .
Purification of POX
Since POX activity was high in outer fleshy scales (Hirota et al. 1998) , these scales were used for the preparation of the enzyme. The scales (fresh weight, 450 g) were homogenized in 1 liter of 0.01 M sodium phosphate (pH 6.8) that contained 0.2 M KCl. The homogenate was filtered through eight layers of gauze. After centrifugation at 15,000´g for 10 min at 4°C, solid ammonium sulfate was added to the supernatant to reach 40% saturation. The solution was centrifuged again at 15,000´g for 10 min at 4°C. The supernatant was brought to 90% saturation with solid ammonium sulfate and centrifuged at 15,000 g for 10 min at 4°C. The precipitate was dissolved in 80 ml of 10 mM sodium phosphate (pH 7.0). The resulting solution was dialyzed against 2 liter of water for 5 h and then against 2 liters of 5 mM Tris-HCl (pH 8.6) for 15 h. The dialyzed solution was loaded onto a DEAE-cellulose column (16 mm i.d.´5 cm) which was equilibrated with 5 mM Tris-HCl (pH 8.6). High POX activity was found in the so-lution that passed through the column. This solution was dialyzed against 1 mM sodium phosphate (pH 7.0) and applied to a CM-cellulose column (16 mm i.d.´5 cm) which was equilibrated with the dialyzing buffer. After washing the column with 1 mM sodium phosphate (pH 7.0), proteins were eluted successively with 50 ml of 2 mM, 4 mM and 10 mM sodium phosphate (pH 7.0). Fractions containing POX activity were collected and used for experiments. POX activity was measured in a reaction mixture (1 ml) that contained 1 ml of eluent, 1 mM H 2 O 2 and 50 mM quercetin in 0.1 M sodium phosphate (pH 6.0) as described above. Amounts of protein were determined using a protein assay reagent from Bio-Rad (Richmond, CA, U.S.A.) using bovine serum albumin as a standard.
Reagents
Laccase, superoxide dismutase (SOD) and tropolone were obtained from Sigma (St. Louis, MO, U.S.A.). Catalase and 3,4-dihydroxybenzoic acid were from Boehringer Mannheim (Darmstadt, Germany) and from Wako (Osaka), respectively. DEAE cellulose and CM cellulose (CM52) were from Seikagaku Kogyo (Tokyo) and from Whatman (Maidstone, England), respectively. Q4¢G and Q3,4¢G were prepared by TLC as described previously (Hirota et al. 1998 ). 2,4,6-Trihydroxyphenylglyoxylic acid was synthesized by the method reported by Hargreaves et al. (1958) . Figure 1 shows levels of quercetin and the glucosides in areas A-C. The level of Q3,4¢G was high in areas A and B, and there was no significant difference in the level between the two areas. The level of Q3,4¢G of area B¢ was significantly lower than that in area B. In area C, the level was less than 10% of area A. The level of Q4¢G was higher in area B than in area A. In area B¢, the level of Q4¢G was similar to that in area B and the level in area C was low. Levels of quercetin in areas A and B were low. The level increased by transition from area B to C.
Results
Formation of quercetin
The activity of Q3,4¢G 3-glucosidase was somewhat increased from area A to B¢ (Fig. 2 ). There was a large difference in the activity between areas B¢ and C, suggesting that the activity decreased within the boundary between areas B and C. Activity of Q4¢G glucosidase decreased gradually from area A to C, and about one-tenth of the activity of area A was found in area C. Activity of quercetin 4¢-glucosyltransferase, which catalyzes formation of Q4¢G from quercetin, also decreased from area A to C, and no activity was detected in area C (Fig. 3) . No activities of Q4¢G 3-glucosyltransferase, which transforms Q4¢G to Q3,4¢G, were detected in any area examined, although this enzymatic activity was found in inner scales of onion bulbs (Hirota et al. 1999, Tsushida and Suzuki 1996) .
POX
We have reported (Hirota et al. 1998 ) that POX of scales of onion bulbs oxidizes quercetin much more rapidly than Q4¢G and Q3,4¢G. In this study, we measured POX activity using quercetin as an electron donor (Fig. 4) . The activity was high in areas A, B and B¢, and there were no significant difference in the activity among the three areas. POX activity in area C was about 10% of area A. Only one POX isozyme was detected by native PAGE in areas A-C (Fig. 4, right panel) . This isozyme seemed to be cationic since it migrated to the cathode at pH 7.6. Figure 5 (upper panel) shows oxidation of quercetin by cell-free extract of area B in the absence of added H 2 O 2 . When difference spectrum between 0 and 23 min after preparation of the reaction mixture was recorded in the absence of externally added quercetin, only small absorbance changes were observed (trace 1). The difference spectrum, which was recorded in the presence of added quercetin, showed significant absorbance changes (trace 2): Oxidation of quercetin is revealed as absorbance decreases at 256 and 380 nm and an absorbance increase at 330 nm. Similar changes in the absorbance spectrum of quercetin have been reported when quercetin is oxidized by POX in the presence of H 2 O 2 (Hösel and Barz 1972, Schreier and Miller 1985) . The oxidation of quercetin was confirmed by the decrease in the level of quercetin as quantified by HPLC (data not shown). The oxidation of quercetin was inhibited by 1 mM cyanide and 1 mM azide (Fig. 6) suggesting the participation of metal-containing enzymes in the oxidation. Catalase also inhibited the oxidation of quercetin, suggesting that H 2 O 2 is generated during the oxidation of quercetin and that POX in the cell-free extract oxidizes quercetin using the generated H 2 O 2 . SOD did not inhibit the oxidation initially but was partly inhibitory when incubation periods were prolonged beyond 10 min.
Oxidation of quercetin by cell-free extract
Tropolone, an inhibitor of tyrosinase, can be used to differentiate between POX and tyrosinase (Kahn 1985) . Since tropolone had absorption peaks at 326 and 390 nm, spectrophotometrical measurements of effects of tropolone on quercetin oxidation was difficult. We measured effects of the inhibitor using DOPA as an electron donor. Cell-free extract of area B oxidized DOPA in the absence of added H 2 O 2 , although the rate was slow (Table 1 ). The oxidation was not inhibited by tropolone (Table 1) , whereas tropolone inhibited oxidation of DOPA by leaf extract of Vicia faba (Takahama and Oniki 1991) and potato tuber (Kahn 1985) in the absence of added H 2 O 2 . The result that tropolone did not inhibit DOPA oxidation suggests that the cell-free extract of area B did not contain tyrosinase-like activity. Oxidation of DOPA by the cell-free extract was inhibited by SOD (Table 1) . Catalase also inhibited the oxidation (Table 1 ). Since, as described above, oxidation of quercetin by the cell-free extract seemed to be enhanced by POX, we isolated the enzyme from onion scales and oxidation of quercetin by isolated POX was studied in the absence of added H 2 O 2 . Table 2 summarizes purification data for POX. The final POX preparation, representing 7% of the original activity, contained 0.08 mg protein and had absorption peaks at 401, 492 and 632 nm. Reinheitszahl (ratio of heme absorption at 401 nm to absorption at 280 nm) was 1.5, suggesting that this POX fraction was contaminated by small amounts of unknown proteins. The typical values reported for purified POX are around 3.0 (Bernards et al. 1999 ). This POX fraction oxidized DOPA (Table 1) . The oxidation was stimulated by tropolone but inhibited by SOD and catalase suggesting that no tyrosinase-like activity was present in the POX fraction. ) also inhibited the oxidation by about 50 and 60%, respectively. The addition of both catalase and SOD resulted in the inhibition of the oxidation more than 90%. SOD inhibited the autooxidation of quercetin in the absence of POX by about 80%, suggesting the formation of O 2 -during the autooxidation. Catalase did not inhibited the autooxidation of quercetin.
Oxidation of quercetin by POX
Effects of pH on the oxidation of quercetin are shown in Table 3 . Rates of autooxidation of quercetin increased as pH was increased. The oxidation was enhanced by partially purified POX at all pHs examined and the oxidation rates increased as pH was increased. At all pHs examined, not only catalase but also SOD inhibited the oxidation of quercetin. Figure 7 shows effects of concentration of POX on the oxidation of quercetin in the absence of added H 2 O 2 . Rate of the oxidation was not linear as a function of POX concentration; the rate attained to a maximum at high concentrations of POX. Whereas, the rate of quercetin oxidation as a function of laccase concentration was linear.
Oxidation products of quercetin
POX-dependent oxidation products of quercetin were separated by HPLC (Fig. 8A-1) . Components I and II were identified to be 2,4,6-trihydroxyphenylglyoxylic acid and 3,4-dihydroxybenzoic acid, respectively, by comparing retention times and absorption spectra (Fig. 8B , spectra I and II) with the authentic compounds. These phenolic acids have been identified in the oxidation products of quercetin (Barz et al. 1985 , Nordström 1968 , Schreier and Miller 1985 . Component III was isolated by Sephadex LH-20 (Pharmacia Biotech, Uppsala, Sweden) as described previously (Hösel and Barz 1972, Schreier and Miller 1985) . It had an absorption peak at 293 nm at acidic pHs (Fig. 8B , spectrum III) and the peak shift- ed to 322 nm at alkaline pHs as reported by Hösel and Barz (1972) . Component III gave components I and II when oxidized by POX plus H 2 O 2 . Since 2,4,6-trihydroxyphenylglyoxylic acid and 3,4-dihydroxybenzoic acid derive from rings A and B of quercetin (Hösel and Barz 1972) , these results suggest that component III has a flavonoid skeleton. According to previous reports (Barz et al. 1985, Hösel and Barz 1972) , component III may be a stable initial oxidation product of quercetin 2,3,3¢,4¢5,7-hexahydroxyflavanone. Components I, II and III were also detected when quercetin was oxidized by POX in the absence of added H 2 O 2 .
Three components were also found in 70% methanol extract of area C (Fig. 8A-2) . Retention times and absorption spectra of these components were identical with those of components I, II and III in Fig. 8A-1 . Components I and III were not detected in area A. Levels of these components of area B were 5-10% of area C. Levels of component II of areas A and B were 7% and 13%, respectively, of area C. The presence of 3,4-dihydroxybenzoic acid in fleshy scales has been reported by Kiviranta et al. (1988) .
Discussion
It is known that browning is important for onion bulbs to resist the pathogen Collectotrichum circinans (Walker and Stahman 1955) . If the brown scales are removed and fleshy scales are exposed to C. circinans, the scales are invaded and parasitized. Cultivars of onion which do not synthesize flavonoid have non-pigmented outer dry scales, and the white bulbs are easily infected by the pathogen (Walker and Stahman 1955) . These results suggest that antifungal agents are synthesized during the process of browning. In the following, possible mechanisms of formation quercetin and 3,4-dihydroxybenzoic acid on browning of onion scales are discussed.
Levels of Q3,4¢G in area A were similar to those in area B and the levels were higher in these areas than areas B¢ and C (Fig. 1) . This suggests that Q3,4¢G is transformed to Q4¢G on the border between areas B and C. This transformation is sup- Fig. 6 Effects of SOD, catalase and POX inhibitors on oxidation of quercetin. The reaction mixture (1.0 ml) contained 0.1 ml of cell-free extract of area B, 25 mM quercetin and 0.9 ml of 0.1 M sodium phosphate (pH 7.4). Oxidation of quercetin was measured from difference spectra recorded by repeat scanning under the conditions of Fig. 5 (upper panel). Open circles, no addition; closed circles, 31 units of SOD; open triangles, 1 mM sodium azide; closed triangles, 1,300 unit of catalase; squares, 1 mM potassium cyanide.
Table 1 Effects of tropolone on oxidation of DOPA
The reaction mixture (0.5 ml) contained 2 mM DOPA in 0.1 M sodium phosphate (pH 7.4). The amounts of cell-free extract and POX which were added to the reaction mixture were 0.05 ml and 32 ng of protein, respectively. When tropolone, SOD and catalase were added, their final concentrations were 1 mM, 31 units ml -1 and 13,000 units ml -1 , respectively. Light path of measuring beam was 1 cm. ported by the observation that high activity of Q3,4¢G 3-glucosidase was found in areas B and B¢ (Fig. 2) . Levels of Q4¢G were increased from area A to B keeping the levels of Q3,4¢G nearly constant in the two areas (Fig. 1 ). This result suggests that the increase in the level of Q4¢G is not due to the deglucosidation of Q3,4¢G in area B or on the border between areas A and B. One possible explanation for the increase is de novo synthesis of Q4¢G between areas A and B. High activity of quercetin 4¢-glucosyltransferase, which may be localized in lumen of endoplasmic reticulum (Hrazdina 1992 , Ibrahim 1992 , in areas A and A¢ makes the formation of Q4¢G from quercetin possible (Fig. 3) . Since the optimum pH of Q4¢G glucosidase is around 7.5 (Tsushida and Suzuki 1996) , the enzyme may be localized in cytoplasm other than vacuoles. As the result, Q4¢G, which is formed in endoplasmic reticulum lumen and is accumulated in vacuoles, is not attacked by the glucosidase. Levels of quercetin were low in areas A and B. The level increased from area B to area C. This result suggests that quercetin is formed by deglucosidation of Q4¢G itself and Q4¢G formed from Q3,4¢G on the border between areas B and C. This idea is supported by the observation that the levels of Q4¢G and Q3,4¢G were low in area C. The deglucosidation of Q4¢G and Q3,4¢G on the border between areas B and C suggests dislocation of quercetin glucosides and the glucosidases by the death of scale cells on the border. Quercetin should be formed in an aqueous phase, because water is required for the deglucosidation. Total amounts of quercetin plus Q4¢G plus Q3,4¢G per cm 2 were calculated in each area from the data in Fig. 1 and the values were 0.25, 0.46, 0.37 and 0.09 mmol per cm 2 for areas A, B, B¢ and C, respectively. The low value in area C suggests that quercetin, which was formed by deglucosidation of Q4¢G and Q3,4¢G, is oxidized within the boundary between areas B and C where deglucosidation of quercetin glucosides are proceeding. The oxidation of quercetin is deduced from the fact that quercetin is more readily oxidized than Q4¢G and Q3,4¢G not only by POX (Hirota et al. 1998 ) but also by other oxidants such as O 2
- (Terao and Piskula 1997) .
If quercetin is oxidized on the border between areas B and C, the question is how this is done. Catalase inhibited the oxidation of quercetin which was enhanced by cell-free extracts (Fig. 6) and partially purified POX. This result suggests that POX participates in the oxidation of quercetin even in the absence of externally added H 2 O 2 . Stimulation of DOPA oxidation by tropolone (Table 1) suggests that even if tyrosinase-like enzyme is present in the cell-free extract and the POX fraction, its activity is meager. Kahn (1985) has reported that tropolone apparently stimulates POX-dependent oxidation of DOPA. Furthermore, if purified POX fraction was contaminated by polyphenol and/or other oxidases and the oxidases were mainly concerned with the oxidation of quercetin, rate of quercetin oxidation should linearly increase as a function of POX concentration. Such a relationship was not observed between the rate of quercetin oxidation and the concentration of POX (Fig.  7) . This result also suggests that the POX fraction prepared in this study is not largely contaminated by oxidases. Participation of the above mentioned oxidases in the oxidation of quercetin is also excluded from the data in Table 3 , which show that oxidation of quercetin increased as pH was increased. Optimum pH for the oxidases is around 6 (Seikagaku Data Book II 1980). Table 3 Effects of SOD and catalase on POX-dependent oxidation of quercetin at various pHs The reaction mixture (1 ml) contained 25 mM quercetin, 0.1 ml of 1% (w/v) bovine serum albumin and 0.9 ml of 0.1 M sodium phosphate at above pHs. The amounts of enzymes added were 16 ng, 31 unit and 1,300 unit for POX, SOD and catalase respectively. Cell-free extract-and POX-dependent oxidation of quercetin was inhibited by SOD as well as catalase. This result indicates that not only H 2 O 2 but also O 2 -is formed during the oxidation of quercetin. Autooxidation of quercetin producing O 2 -and H 2 O 2 has been reported by Bors et al. (1997) . If O 2 -is formed by the autooxidation, the active oxygen can oxidize quercetin to the semiquinone radical producing H 2 O 2 (Jovanovic et al. 1997 , Takahama 1985 , Takahama 1987 . In addition, H 2 O 2 is also formed by the disproportionation of O 2 -. The H 2 O 2 produced is used by POX oxidizing quercetin to the radical. The semiquinone radicals formed by autooxidation and POXdependent reaction can also reduce molecular oxygen to O 2 - (Morel et al. 1997) . In this way, oxidation of quercetin is enhanced by POX. POX-dependent enhancement of oxidation of autooxidizable compounds has been reported (Elstner and Heuple 1976 , Halliwell 1978 , Pedreño et al. 1995 . Rate of quercetin oxidation attained to a maximal rate when concentration of POX was increased (Fig. 7) . This result suggests that POX-dependent oxidation of quercetin is limited by the formation of H 2 O 2 if the oxidant is not externally added. This idea is supported by the result that catalase inhibited the oxidation of quercetin and by the result that POXdependent oxidation of quercetin was faster at high pH than at low pH (Table 3) . Although O 2 -and H 2 O 2 may be mainly formed by the autooxidation of quercetin, we, at present, cannot exclude the possibility of their formation by other in vivo reactions. NADPH oxidase seems not to participate in the formation of O 2 -and H 2 O 2 , because activities of glucose 6-phosphate dehydrogenase in areas B and B¢ were less than 5% of the activity of area A (data not shown). It is deduced that O 2 -and H 2 O 2 are also formed during the oxidation of DOPA in the presence of cell-free extract and by POX, because SOD and catalase inhibited the oxidation (Table 1) .
3,4-Dihydroxybenzoic acid, 2,4,6-trihydroxyphenylglyoxylic acid and 2,3,3¢,4¢,5,7-hexahydroxyflavanone, which were oxidation products of quercetin, were found in dried brown areas (Fig. 8) . Levels of these phenolics were much lower in fleshy and drying areas than dried brown areas. These results indicate that quercetin, which was formed on the border between drying and dried brown areas (Fig. 1) , is oxidized to the phenolics. POX seems to participate in the oxidation of quercetin as discussed above. In addition, drying areas close to dried brown areas turned brown when scales were incubated for 1 h in 10 mM H 2 O 2 (data not shown). From the present study, we conclude that an antifungal agent, 3,4-dihydroxybenzoic acid, is synthesized by oxidation of quercetin during the browning process of onion scales. From the present study, it is also concluded that browning is an important physiological process for onion bulbs to synthesize the antifungal agent.
